Abstract. Optimal selection of cutting parameters is one of the significant issues in achieving high quality machining. In this study, a method for the selection of optimal cutting parameters during lathe operation is presented. The present study focuses on multiple-performance optimization on machining characteristics of St-37 steel. The cutting parameters used in this experimental study include cutting speed, feed rate, depth of cut and rake angle. Two output parameters, namely, surface roughness and tool life are considered as process performance. A statistical model based on linear polynomial equations is developed to describe different responses. For optimal conditions, the Non-dominated Sorting Genetic Algorithm (NSGA) is employed in achieving appropriate models. The optimization procedure shows that the proposed method has a high performance in problem-solving.
Introduction
Proper selection of machining parameters such as depth of cut, feed rate, cutting speed and rake angle, for the best process performance, is still a challenge. In workshop practice, the cutting parameters which are selected from database or specialized handbooks are not necessarily optimum values [1] . Optimization of cutting parameters is a complex job because it requires both machining operation experience and knowledge of mathematical algorithms. The traditional methods of optimization include calculus-based search, dynamic programming, random search and gradient method whereas modern heuristic methods include artificial neural network [2] and Lagrangian relaxation approach [3] . Some of these methods are successful in locating the optimal solution, but they are usually slow in solution convergence and require much computing time. Other methods may risk being trapped at a local optimum which then fails to give the best solution. The principle of multiple performance optimization is different from single performance optimization. In multiple performance optimization, there are more than one objective function where each may have a different optimal solution, and in many cases, these objectives contradict with each other [4, 5] . The genetic algorithm (GA) is an evolutionary algorithm based on the mechanics of natural selection and combines the characteristic of direct search and probabilistic selection method. The GA is a powerful tool to obtain global values for multi-model and combinatorial problems [6] . The GA operates on a population of potential solutions, applying the principle of survival of the fittest to produce a better solution. In this study, the modern approach of experimentation known as Nondominated Sorting Genetic Algorithm (NSGA-II) is used to optimize the machining parameters of ST-37 steel with multiple characteristics.
Experimental Design and Equipment
The work-piece material used for the present investigation was ST-37 steel and the specimen had dimensions 45 mm diameter and 400 mm length. For the machining operation, a Russian lathe machine was used. The high-speed steel (HSS) cutting tool had geometrical dimensions, clearance angle of 6°, back rake angle of 0° and side cutting edge angle of 90°. The rake angle was made variable during the machining process. For simultaneous investigation on the influence of variables such as cutting speed, feed rate, depth of cut and rake angle, the Taguchi method of design of experiment, with the use of MINITAB software, was carried out. The machining parameters and their magnitude levels are presented in The output parameters to be optimized are surface roughness and tool life. The average surface roughness (R a ) was measured using a Mahr portable perthometer. In this study, tool life is defined by the volume of the material removed so that the final surface finish is 1.5 times higher than the initial surface roughness at the beginning of machining operation. Hence the tool life criterion is given by Eq.2,
Where, material removal volume (V) is in m 3 , work-piece diameter (D), depth of cut (d) and length of machined work-piece (L) are in [mm].
Table.1. Machining parameters and their magnitude levels

Optimization
In this study maximization of tool life and minimization of average surface roughness are considered as the objectives in optimizing the machining parameters of ST-37 steel.
Deb et al. [7] introduced an optimization algorithm, named Non-dominated Sorting Genetic Algorithm (NSGA). It is applicable in multi-objective optimizations where it leads to a number of simultaneous solutions. The drawback of the algorithm has been its complexity in computational approach. Elitism is disregarded in this algorithm and the selection operator differs from single genetic algorithm (SGA). Crowd comparison is the operator in which selections can be achieved according to ranking and crowding distance. Solution of the initial parent population is checked with other solutions and, finally, related solution is taken into account. For validation of the solution, Eq.3 and Eq.4 must be satisfied [8] .
The chromosome numbers are shown as i and j. Subsequently, the selected solution is validated by rules introduced in Eqns.1 and 2 and it will be marked as dominated. If the rule does not satisfy Eqns. 3 and 4, it will be marked as non-dominated. The process must be continued until all solutions are ranked. Fitness levels of equally non-dominated solutions are assigned to each solution. 
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When none of the solutions is better than other solutions no result will be demonstrated. This will be considered as part of a special rank or the non-dominated level. The crowding distance is the average distance between two points on both sides of a selected solution point along each objective function. Subsequently, each objective function boundary solution with the largest and smallest values is assigned an infinity value in this step.
For solving optimization problem using GA, a fitness value is required. It relates the objective with a decision variable. In the present study, the objectives are the average surface roughness (R a ) and tool life and they are classified as functions of decision variables namely, cutting force, feed rate, and depth of cut and rake angle.
Statistical model
The experimental results for surface roughness and tool life criterion for 18 tests are presented in Table 2 . Statistical models based on linear polynomial equation were developed for surface roughness (R a ) and tool life (A) using MINITAB software. The linear regression for surface roughness and tool life, respectively, are given below: 
The normal probability plots for surface roughness and material removal rate are illustrated in Figs.1 which shows that the residuals fall on a straight line. It basically shows that the errors are dispersed and the regression model completely matches the observed values.
Discussion
In the present work, a Non-dominated Sorting Genetic Algorithm (NSGA-II) was used to optimize multiple performances using first-order models. The algorithm ranks individuals based on dominance. The control parameters in NSGA-II were adjusted to obtain the best performance of surface roughness and tool life. The algorithm control parameters used were, probability of crossover = 0.8, mutation probability = 0.2 and population size = 100. It was found that the above control parameters produce better convergence and distribution of optimal solutions. The nondominated solution set obtained over the entire optimization is shown in Fig. 2 . It shows the formation of the Pareto front leading to the final set of solutions. A sample of 20 out of 100 sets is presented in Table 3 . Since none of the solutions in the non-dominated set is absolutely better than any other solutions, thus, each selection can be the "regarded solution". As the best solution can be selected based on individual product requirement, the process engineer must therefore select the optimal solution from the set of available solutions [9] . If the engineer desires to have a better surface finish or smaller tool life criterion, a suitable combination of variables can be selected from Table 3 . From the experimental results presented in Table 2 Thus, considering the data given, it can be observed by changing the combination of machining parameters, the desired tool life and surface finish can be achieved. 
Conclusion
The machining procedure of ST-37 steel bars was conducted on a lathe machine. Various machining parameters were monitored to study the responses of surface roughness and tool life. From the responses two linear polynomial models were developed for tool life criterion and average surface roughness, which were subsequently used for optimization. An efficient multi-objective evolutionary-based algorithm, NSGA-II, was then used to optimize the machining parameters. The methodology aims to provide the process engineer a machining solution in a short period of time.
The choice of one solution over the others depends on the engineer's requirements [9] [10] [11] . If a better surface finish or maximum tool life is required, a suitable combination of variables can be selected accordingly. This method helps to increase production rates considerably by reducing machining time and tool cost. Future optimization study can be similarly duplicated for other machining parameters and objectives.
